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ABSTRACT 


This thesis incorporates seme studies carried out on 
the behavior of a laterally loaded pile. A brief review of 
existing literature on the problem is reported. Only behavior 
under static load is studied in this work. 

The behavior of a pile in elasto-plastic soil is ana- 
lysed, The soil is considered to behave elastically upto a 
certain limit of pile deflection/ gav ing rise to a Winkler 
type of model. After the particular limit is exceeded/ the soil 
flows plastically and the pile behavior changes. Accordingly/ a 
laterally loaded pile behavior is divided into four distinct 
stages/ starting from fully elastic to fully plastic soil 
behavior. A model is proposed to represent the elasto-plastic 
behavior of a given soil. 

Non-dimensional closed form solutions are obtained 
for a variety of cases of pile behavior, like, free— free, 
fixed-free and piles with overhang with load and moment 
applied at top, for plastic yield ogcurring at the top and 
bottom of the pile. The effect of soil and pile parameters viz., 
the modulus of sub-grade reaction, the yield strength of soil, 
the modulus of elasticity , moment of inertia of the pile and 
pile length are brought out. Attanpts have made to find the 
ultimate load capacity of a pile from the principle of 
statics. Lastl:’’, experiments with model pile has been conducted 
which show agreement with the theory developed, assuming the 
soil to behave as elasto-plastic medium. 



chapter I 


INTRODUCTION 

1.1 GENERAL : 

Piles, in general are used to transfer load from 
a Civil Engineering construction to earth. For the safety 
and proper functioning of the structure, certain restrict- 
ion regarding load capacity, deflection, settlement etc. 
are to be taken into consideration for the design of a 
pile. Uptil now, attention was mostly paid for the study 
and design of piles carrying vertical load and/or moment 
only. Sandeman observed the deflection of laterally loaded 
pile as early as 1880. The need for the study of the be- 
havior of laterally loaded pile, and the investigations 
for the design criteria, came. about very recently with 
the development of on-shore structures and oil drilling 
rigs etc (26)*. Lateral loads from wind and wave are fre- 
quently the most critical factors in the design of such 
structures. Analysis of laterally loaded piles also apply 
to a variety of off-shore structures; such as poles of 
high tension power cables, pile support for earthquake 
restraint structures etc. A few industrial building found- 
ations, receiving horizontal loads ,,<»r blasting thrust, 
need laterally loaded piles (19) . 

The problem of laterally leaded pile is closely 

related to the familiar probl e m of a beam on an elastic 

*The numbers in the bracket represent the reference number 
given at the end. 
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foundation; however in one respect^ it represents a 
specialised case,. All external forces asfli moments are 
applied at one point i.e. at the top of the pile. On the 
other hand, if a pile suffers large deflection or rotation 
due to applied load^i the problem is much more complicated 
due to the nonlinear characteristics of the soil and this 
needs generalisation of the beam-»o.n-eiastic— foundation 
theory. 

1..2 SOIL-PILE INTERACTION : 

Flexural and axial stresses of a pile are to be , 
correctly analysed to design a safe and economic pile. 

So, the interaction between the soil and the pile is 
to be carefully analysed when the lateral load is acting. 
Since the problem deals with the soil, as well as the pile, 
a knowledge of the behavior of both is necessary. 

The soil characteristics are to be determined 
first, A soil medium is not perfectly elastic at all 
values of strain. At small strains, soil behaviour can 
be approximated to be elastic. A laterally loaded pile, 
suffers the maximum displacement near the top and it is 
quite likely that the soil in this zone behaves inelasti- 
cally. If the pile is a short -pile deflection near the 
bottom of the pile will also be quite high, in comparison 
to that at the middle zone , So the soil at the bottom 
of the pile may behave inelastically depending upon the 
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length, load and moment applied on the pile. Deflection 
being comparatively small in the middle zone of the pile# 
the soil is assumed to behave elastically. 

1 .3 MODULUS OF 5UBGRADE REACTION 

The modulus .of subgrade reaction 'Tc* plays an 
important role in the soil-pile interaction. This is de- 
fined as "the pressure required per unit deformation 
calculated at 0.05 inch of deformation" . According to 
Terzaghi (46), 'h* is defined as the pressure required 

per unit area of the surface of contact between a loaded 
beam or a slab and the subgrade on which it rests and 
onto which it transfers the load, and he named it as the 
"coefficient of subgrade reaction" 'b*. 

In most cases, the soil modulus values tend to 
increase with depth. The principal reasons are; 

(l), soils frequently increase their strength 
parameters with depth as a result of overburden pressure^ 
and (2l pile deflections decrease with depth for any 
given loading, and the corresponding equivalent elastic 
moduli of soil reaction tend to increase at small 
deflection. 

'k‘ is usually expressed as a function of depth 
of the pile, 

b = K(^)’^ 


( 1 . 1 ) 
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where 

X = depth along the pile 
L = total length of the pile. 

'k* is constant for stiff day and it varies 
linearly for sand. The value of *n* is zero for |Clay and 
unity, for sand. For any other type of soil the value of 
'n* is chosen between zero and one. Fig. (1»1) shows the 
variation of ’k' with depth for different types of 
soils (44) . 

Broms (3) has defined 'k' as 

k = nj, i 5 ) ... (1-2) 

where ' nj^’ varies with relative density of the 
soil and also with the location of the water-table. ’B’ 
is the width of the pile. 

Siva Reddy and Valsangkar (41) assumed *k* to 
be of the form 

k = ko + *.* (1.3) 

where kQ = value of k at surface 

= value of k at the bottom of pile. 

Srtitko (43) chose the variation of ’k‘ with 
depth as) 

k(x) = k]^Jl-Exp. (-Sx^ in exponential form .. (1.4) 
k(x) = >^h power function .... (1.5) 

The above expressions are valied only for small 
displacements, for large displacement i.e. in the zone 



i/% 

O 

m 


\ \ 


\ 

\\ 

{%) s M liOS 

|0 48440 Aud JOj — 

• x\ « n SpUDS io^ ~ 

>J * )| s^oio 


h 1 

\ 

1 

I 

\ ‘ 


\ 

i 

\' 

\ 

\ 

\ 

\ 

\ 

k 

^ 

\ \ 
\'j 


Ni 

X 

t- 

a, 

1U4 

o 


t/^ 

gli 

Su 

>■ 


^ io sanivA 


OFK WITH DEPTH FOR DIFFIREN 



6 


of plastic deformation, 

k(x) = ••• 

These relations have been verified by experiments. 

Broms (3). calculated the ultimate lateral resis- 
tance of the pile by assuming, the piles are transformed 
into a mechanism through the formation of plastic hinges. 
The ultimate resistance of a short pile is governed by 
the ultimate lateral resistance of the surrounding 
cohesive soil and that for long piles are governed by the 
yield resistance of the pile sections. 

Two serious limitations of his analysis are: 

(a) the deflection at working loads of a laterally 
loaded pile should not be so excessive as to impair the 
proper function of the member, 

(b) its ultimate strength should be sufficiently 
high as to guard against complete collapse even under 
the most unfortunate combination of factors . 

Kubo (23) from his study of model sheet piles 
concluded that the co-efficient of soil reaction 'k‘ 
decreases with the increase of pile width, but beccanes 
almost constant when the pile width exceeds 20 cms. He 
has also shown that the soil pressure and pile deflection 
is connected by: 

p -• k X . y*^*^ ... (1.7) 
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In this work, it is assumed that the value of 
horizontal coefficient of subgrade reaction is the same 
as that in the vertical direction. 

From the above discussion, it is apparent that, 
no soil can be uniquely represented by a mathematical 
expression or polynomial, which is valid for the whole 
length of the pile. 

1,4 THE EXISTING SOLUTIONS ; 

The problem of laterally loaded pile is closely 
related to the problem of a beam on an elastic foundation, 
where the pile acts as a beam, the load and mcanent being 
applied at top and the soil behaves as the elastic medium, 

Chang (6) has given the analytical solution for 
the static lateral loading. He solved the equation: 

El = p ... (1.8) 

d x'* 

where p = soil pressure = ky 
and presented the solution as: 

y = C ^{Cos 0 x + Sin^ x) 
the constants are to be found by using the boundary 
conditions . 

Timoshenko (47) expressed the governing equation 
for beam deflection as; 

El = -ky ... (1.9) 

d x^ 
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and using the notation 

4 / ~ir~ ^ 

V 4 El 

The general solution# he represented as follows: 



y = e'^^(A Cos^x + B Sin^x)+ e“.^^(C Cos^ x4D Sin^) 

... ( 1 . 10 ) 

The constants are determined from hnown boundary 
conditions . 

Palmer and Brown (52) have given the solution of 


the basic differential equation in the form of difference 
equation# which is given for any point 'm' of the pile 
as follows: 


\ _ ym-2- 4ym^i+ 6y^^ - ^Ym+l^ ym4-2 ( y J 

Ai 


d X • 






^Ym' 

( 1 . 11 ) 


Siva Reddy and Valsanghar (42) have given the 
generalised solutions of laterally loaded piles with 
polynomial variation of soil modulus. The basic differ- 
ential equation they suggested is 

^ + a rp (^5 y , o ... ( 1 . 12 ) 

d x4 dx dx_| 

where P(x) is the axial force and the solutions are: 
for cohesive soil: y = 0(17 ) +Cj, 0p(y) 4C202(y ) +C303(7 > 

where 0iy) are polynomials, 
for cohesiO';;less soil: y=F^f (Z) +F;]_£l(Z) +F 2 f 2 .( 2 ) tT^f^ (Z) 
where f(Z) are also polynomials. The constants 
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C and F are to be found from known boundary conditions * 

1.5 VARIATION OF k WITH. DEPTH : 

These are some of the basic solutions for the 
problem. Improvements of the problem have been done by 
many engineers considering different parameters and their 
variations. One such important improvement is the varia- 
tion of 'k' with depth. 

Palmer and Brown (52) assumed the variation mf 
’k' vjith depth as: 

k' = k ... (ia3) 

where k* is the value of the soil modulus at 
any depth and 'k' being the fixed value at the lower 
end of the pile. This is not an elastic modulus but 
corresponds to the Westerguard' s 'k* which is based on 
the assumption that the soil acts as a very dense liquid. 
They expressed the basic differential equation as: 

El ^^4 = k(^’^y ... (1.14), 

The values of percent of 'k‘ at different depths 
for various values of n (ranging from zero to two) have 
been shown in Fig. (1,2 (a)). 

Palmer and Thompson (3l) expressed ’k’ as 
k' = k b L n”" ... (1.15) 

vjhere. 


b = width of the pile 




X 
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t = nos. of subdivisions of the pile 
m = the point where ’k' value is desired 
n = a positive constant between zero and one * 

For homogeneous soil/ this formula is quite 
appropriate . 

MatLock and Reese (26) selected the form of soil 
modulus as : 


a power form: ■. k’ = k x'^ ... (1.16) 

and polynomial form: k* = ko+ k^^x + k 2 X^ ... (1.17) 
The form k' = kx is seen to be a special case 


of either of the above cases. 


No unique value of *k' can be attributed to 
a given soil.- The pile deflection varies with the pile 
size, pile stiffness, the magnitude of the load, and the 
type of load (i.e.- static or dynamic loading) . So the soil 
modulus exists only as a mathematically convenient expression 
for the ratio of the soil reaction to the pile deflection. 


1.6 NOND IMEN SI ONAL SOLUTI ON S : 

The principles of dimensional analyses may be 
used to establish the form of nondimensional 
relations for the laterally loaded pile. With the use of 
model theory, the necessary relations will be determined 
between a prototype, having any set of given dimensions 
and a similar model for which a solution may be available. 
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With the help of the principle of dimensional 
analysis^ the equations of the laterally loaded pile can 
be reduced to a nondimensional f.^rmi The variables which 
have been dealt with/ can be listed as: 

X = any depth of pile 

L = total length of pile 

k = soil modulus 

El = of the pile 

= load at top 
= moment applied at 
T = characteristic length. 

The parameter T, which has the dimension of length/ 
is a very useful tool to reduce all the parameters to a 
dimensionless form. Matl«ck and Reese (26) named this 
characteristic length as the "relative stiffness factor". 
But the defination of T vary width the form of the fun- 
ctinn of soil modulus. If 'k’ is expressed in Ib/in^/in 
then 

T ... (1.18) 

and if ’k’ is ejQires^'^d as Ib/in^^ then 

T « ... (1.19) 

V k 

For the case of applied shear P-j- and moment 
the solution for the deflection may be ej<pressed as 

y = y(x/ L, T/ k, El, M-^) (1.20) 
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To satisfy the conditions of similarity, each 
of these groups must he equal for both model and proto- 
type i.e. 



_ 



’^m 



_ ^m 


Tp 




_ ^ 

rp4- 


El 

m 


YAp = 

Elm 

Pt T 

P. 

^tp^p 


^tm 


YBp = 

Elm 

^tpTp 

^tm^ 


T. 


YAm 


YB: 


m 


( 1 . 21 ) 

( 1 . 22 ) 

(1.23) 

(1.24) 

(1.25) 


where the sufix 'p* stands for prototype and 
*m' stands for model pile. All these nondimensional 
parameters will be used to find the solutions for varioas 
cases in subsequent chapters. 


1.7 EXPERIMENTAL STUDY OF LATERALLY LOADED PILES : 

The settlement of piles under vertical loads 
during driving was observed for the first time by Personet 
in eighteenth century. The load-displacement study of later- 
ally loaded pile was first done by Sandeman in 1880. 

Feagin ( 12) conducted a number of lateral load 
tests on single and on group of timber and concrete 
piles. He concluded that for less than 6.5 tons of load 
per pile, the group effect is not significant. The 
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deflection was found to increase with repeat ition of load, 

McCammon and Ascherman (29) tested a large number 
of hollow laterally loaded piles, driven into the bottom 
of Lake Maracaibo, Venezuela.- They concluded that the soil 
acts as elastic medium when resisting lateral loads. The 
. point of maximum bending moment occurs about 2-diameter 
belov/ mud-line .- One important conclusion they have drawn 
is that the effective point of fixation continues to move 
dov/nwards as larger loads are applied, even though the 
point of maximum moment essentially remains at fixed 
elevation, - 

Based on the results of model tests, Tschebotariof f (5l) 
concluded that resistance per pile to lateral loads decreases 
appreciably with an increasing number of piles in a group, 

Wagner (51) conducted a large number of tests on 
laterally loaded timber piles and he concluded; : 

1 Overdriving reduces the lateral resistance of 

a pile.- 

2. - Increase in length does not imporve the lateral | 

resistance appreciably, provided the pile is sufficiently 
embeded . : 

3 , The strength and type of material within the 

first 20 ft.- of depth hai/c considerable effect on the ^ 

lateral resistance of the pile,- 

Gleser (5l) on the basis of tests on hallow piles | 

has drawn two important conclusions: 
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1. A pile with head so fixed as to constrain it 
to remain vertical, will assume an S or ogee shape, when ■ 
subjected to lateral load. 

2. Depending on the type of soil, some portion of 
the soil surrounding the pile undergoes an irreversible 
deformation. 

Therefore, from the limited study of the present 
literature, it is quite evident that the problem of later- 
ally loaded pile needs careful study of the different para- 
meters. In this investigation, the soil behaviour is 
idealised on being elastic at small deflections. For large 
deflection (near the top) the soil behaves plastically 
and the soil resistance is assumed to vary as: 

m = m^ + ax ..... (1.26) 

where, m^ = maximum resistance offered by the 
soil at top. 

X = depth at which pressure is required, 
a = constant of proportionality. 

This assumption enables one to chose the actual 
soil property by assuming a proper value of *mQ* and *a*. 

This form also takes care of overburden pressure. The 
equation (1.26) is represented in Fig. (1.2 (b) ) . 

At present, there is no standard solution available 
for the calai.lation of bearing capacity of horizontally 
loaded piles for various types of soil. In this investigatiotL 
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attempts have been made to study and analyse the behavior 
of laterally loaded piles under various loading and moment 
conditions and also for varying soil properties. Numerical 
values of closed form solutions have been worked out of 
IBM 7044 computer for extreme values of ‘a* . Numerical 
solutions for pile deflection, bending moment, shear force 
and soil pressure have been worked out in non-dimensional 
forms, so that these results may be used as design charts. 
Attempts have also been made for the determination of the 
ultimate load capacity of the pile under varioi s cases, 
considering ultimate resistance of the soil. 

Chapter II, III and IV deal with free— free, 
fixed-free and piles with overhang. The experimental 
set-up and verification of the theory has been treated in 
chapter V, Discussion of the results and conclusions are 
presented in chapter VI. 

Lastly, in appendix I, the procedure for non- 
dimensionalisation is given. 

In appendix II, the solution for stage 4 for 
free— free and overhang cases are presented. The thesis 
ends with a list of references. 



CHAPTER il 

ELASTO-PLASTiC BEHAVIOR OF LATERALLY LOADED PILES 

2.1 PILE BEHAVIOR ; 

At working loads the deflection of^ a single pile 
can be considered to increase approximately linearly with 
the applied load. As stated earlier the pile is assumed 
as a beam on elastic foundation* The behavior of the pile 
under lateral loads can be described as follows. At small 
loads the ends of the pile will deflect elastically. As 
the load is increased, the top and bottom deflections will 
increase. At large loads the top and bottom of the pile 
will deflect by a large amount and the deflection of the 
central portion will be less in comparison to that at 
the ends. For long piles the deflection at the bottcan will 
be relatively small (Fig, 2,1) . True nature of pile deflec- 
tions can be described as the deflection is maximum at the 
top, it gradually reduces with depth and at some point 
the pile deflection is zero and then the deflection again 
increases in a direction opposite to load applied and at 
the bottom of the pile, it reaches another maximum, 

2.2 SOIL BEHAVIOR : 

Corresponding to the different amounts of defle- 
ction at several depths suffered by the pile, as stated 
in section 2,1 the soil behavior also changes from point 




(a) Original Pile (b) Short Pile 
FIG (21) DEFLECTED SHAPE 


to point along the length of the pile. For different 
amount of pile deflection four distinct stages of soil 
response are possible. 

In stage 1 when the load is smalls the pile 
suffers moderate deflection both at the top and also 
at the bottom^ so that the soil behaves as an elastic 
medium^ throughout the length of the pile. In this case 
the deflections increase linearly with the increase of 
load (Fig. 2.2(b)) . 

When the load on the pile is increased further 
the deflection at the top increases such that the 
magnitude of the deflection exceeds q/K hence the soil 
pressure reaches the ultimate resistance of the soil (q) . 
This zone is characterised as plastic zone. The deflection 
reduces with depth and when the deflection the 

elastic zone starts as in stage 1, The deflection at the 
bottom if less than q/k^ the soil behaves as elastic 
medium. This condition is described as stage 2/ which is 
the combination of a top plastic zone and stage 1 (Figure 
2,2 (c)) . Stage 3 of the pile is shown in (Fig, 2, 2(d)) , 
This stage is reached where the load exceeds a particular 
limit/ deflection at the bottan increases and the plastic 
zone starts from the bottom also. This stage may be said 
to be the stage 1 sandwitched between two plastic zones 
at the top and also at the bottom. As the load increases 
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further the top plastic zone starts moving downwe.rds and 
the bottom plastic zone moves upwards and the elastic 
zone shortens. 

Stage 4 may be said to be a limiting case where~ 
in the elastic zone ccarpletely disappears and only two 
plastic zones are formed. Stage 4 will give the ultimate 
load capacity of the pile (Fig. 2,2 (ei) , 

The above listed four stages define all the 
possible stages of pile-soil interaction under a lateral 
load. If a moment at the top is applied the behavior pattern 
V7ill be same except in short pile where stage 2 may be 
shipped and soil behavior changes from stage 1 to stage 3 , 

2 .3 model PROPOSED ; 

So far, the problem of laterally loaded piles have 
been solved assuming the soil to be an ideal elastic medium 
and as Winkler type of foundation model. 

To overcome the limitation of the existing methods 
and also to explain the soil behavior in fourstages as 
stated in section 2.2, a model for the laterally loaded 
pile is presented. 

This model consists of a spring connected with 
a friction block in series to represent the actual soil 
behavior. In Winkler model only a Hookean spring is assumed 
to represent the soil. In this model a Hookean spring is 
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connected to a perfectly plastic material which gives 
rise to a perfect elastoplastic or St. Venant material 
to represent the complete soil behavior at all stages 
(Fig. 2.3(a)) . The associated stress strain behavior is 
shown in (Fig. 2.3(b)). The normal load 'a' is introduced 
to take care of the variation of ultimate soil pressure (q) 
with depth. If this aspect is to be neglected then the 
value of a is assumed constant for all depth. For variation 
of ultimate pressure capacity with depth/ any function for 
the variation of ‘a* may be chosen. 

IDEALISATION OF THE SOIL BEHAVIOR : 

The stress-strain behavior of a soil is in 
general nonlinear but ■ commonly described by a hyperbolic 
type of stress-strain response ’(21) , This is shown by 
curve (a) of fig. 2.5, The actual relationship can not be 
included in rigorous solutions/ as it gives rise to 
nonlinear differential equation. It is felt reasonable 
to idealise the behavior by curve (b) in fig. 2,5. The 
idealised curve consists of a linear part upto a stress 
level q^/ where the stress-strain ratio is constant lead- 
ing to elastic behavier of the soil. The soil can not 
take up stresses higher than q^ i.e. it behaves plastically, 
v/hich is represented by the horizontal part mf the ideali- 
sed curve. This type .of behavior can be described as 
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“Eiasto-Plastic" 

behavior . 

Mathematically the 

curve (b) 

can be represented as 





p = ky 

for 

y 

< ^oA 

« • * 

(2,1)" 

and P = qo 

for 

y 

PoA 


(2.2) 


where p is the response and q,-, is the yield stress of the 
soil. A linear variation of ‘a' is shown in fig* 2.3 (e) , 
Based on these principles the model proposed is shown in 
fig. (2.4) ..For variation of 'k* whith depths suitable 
functions for variation of spring constants may be chosen. 
In stage 1, the friction blocks do not come into picture 
because the soil stress does not exceed the magnitude *q' 
and so there is no plastic deformation and the soil be- 
haves like Winkler model. 

In stage 2, deflection at top exceeds / 

plastic deformation starts ■ from the top/ and it proceeds 
dovjnwards. The rest of the soil behaves elastically. 

in stage 3 the bottom deflection also exceeds 
do/k and the friction block suffers plastic movement 
representing the plastic behavior of the soil. The plastic 
behavior proceeds upwards with increasing load. 

in stage 4, the deflection of the ends of the 
pile are so high that the soil behaves plastically through- 
out the whole depth/ and all the friction blocks are 


activated , 
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It is clearly seen, that the proposed model is 
a unique and simple representation for the elasto-plastic 
behavior of the soil. 


2.4 FORMULATION OF THE PROBLEM : 

As stated earlier, the pile is assumed to be a 
beam on elastic foundation, and also based on the four 
stages of pile-soil behavior, the basic governing differ- 
ential equation can be written as: 


El 


d 


= - p 


... (2.3) 


for stage 1, the soil being elastic throughout the 
length of the pile (Fig, 2.6(b)) and with the help of the 
equation (2.1) the final form of, the -equation is given by 

d^v 

El — i = _ ky ... ... (2,4) 

d x^ 

For stage 2, the soil at the top portion being plastic 
and the rest of the portion of the soil remaining elastic, 
the governing set of differential equations using equations 
(2,1) and (2,2) may be written as 

El = - q for 0<x<^ x, ... (2.5) 

d x^ • i 

d^-y- 

and El = - hy for ... (2.6) 

where x^ is the length of plastic zone measured from the 
top of the pile, and L is the total length of the pile 
(Fig, 2.6 (c) ) . 
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PILE 



29 


Similarly for stage 3 the equations are 


El 

d^y 
d x^ 

= - q 

for 


... (2.7) 

El 

d'^y 
d x"^ 

- - by 

for 


... (2.8) 

El 

d^y 
d x^ 

= q 

for 


.w ^ ^ (.24^) 


where X 2 is the length from the top of the pile to the 
bottom plastic zone. Finally for stage 4 the two equations 
for the two plastic zones can be written as 
^ 4 

El d~~x‘^ = - q for (2.10) 

d^v 

and El — ^4 = q for L ... (2.11) 

d X 

The equations from 2.5 to 2.11 can be modified for 
variation of yeild strength of soil with depth, by 
writting 

q = qo + ax ... (2.12) 

vjhere is the yield strength at the top of the soil 
surface i.e. at x = O and ’a' is constant, that depends 
upon the type of soil, q© vjould be zero for sands and 
’a' may be zero for cohesive soil whose strength remains 
constant with depth. 

Stage 1 : 

^ + Ji-y = 0 for O^X^L 
dl^ El ^ ^ ^ 


• • • 


(2.13) 
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Stage 2 : 


= 0 for 0^x/x]_ ... (2.14) 

d x^ El \ 


Six + iX =0 for xi -cf X ^ L 
d El i ^ 


Stage 3: ^ 

Ly. +. % . i— = 0 for 0 <$:x < XI . 
d x^ El ^ 


forX2<x<E 

d x^ El. 


Stage 4: 


six + = 0 for 0 ^ X ^ XI 


(2.15) 


(2,16) 


^'^y. + is. y =0 for X X 2 • * • ,17) 

d x"^ El 


(2.18) 


{ 2 : 19 ) 


six. - = o for ^ 


( 2 . 20 ) 


2.5 NQNDIMENSTQNALISING the EQU ATIONS;. 

By using the characteristic length T, as defined 
in chapter 1/ and using the Buckingham theorem the 

non-dimensional parameters may be listed as follows: 

Z = ™ ••• (2.21) 


Depth coefficient 


Maximum 


depth coefficient Ej^ax 


... ( 2 . 22 ) 


K. J. ^ 

Soil modulous function (elastic) ro= — (2.23) 

- - .. (2.24) 


Soil modulous function (plastic) mo= 


_ El y,.(2.25) 

Deflection coefficient for load at top Ay - 
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Deflection coefficient for moment at top 

El 


■" T 


2 Y 


also Zi = < Zniax = 


T 




» » • • 


(2 .26) 

(2 .27) 

(2.28) 


^2 ^ax T 

where ot and 2^ are constants and is always less than 
unity. The deflection in the top plastic zone is de~ 
fined as y^/ that in the middle elastic zone hy Y2 
that in the bottom plastic zone by Y2 • nondimensional 

equations can be developed as follows. 

Stage 1 


Stage 2 : 


Stage 3 : 


d*^Ayi 

: 

d z4 

Co Ay^ = 0 

for 

0 4Z^2^ 

... (2.29) 

dz4 ^ 

no + 0 

for 

0 4Z^Zi 

... (2,30) 

+ : 

dZ^ 

Co Ay2 = 0 

for 


... (2.31) 

3 

0 

11 

tib 

and d = ■, — 

Pt 

2 



Ayj, , 

dz"^ 

It 

o 

for 

0 4 Z 4 

... (2.32) 

dZ^ 

ro M2 = 0 

for 

Zi^Z^Z^ 

... (2.33) 

d Ayo 

T“/ ^ 

(mo + <iZ^ = 

0 for 

V 

... (2.34) 


dZ- 
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Stage 4: . 

d Ay^ 

- “ —4 +(mo + dZ) =0 for O^Z (2.35) 

^ "** ^ **■ ( 2 * 34 ) 

d.Z^ 

Ecjiaations (2.29) to (2,36) are the final forms of the 
basic differential equations, 

2 .6 SOLUTION: 

The basic equations from (2.29) to (2.^36) can be 
solved for different boundary condition corresponding to 
different physical conditions of the pile in action. The 
expression for deflection/ slope, B.M./ S.F. soil-pressure 
and their non-dimensional forms are given in Table 2,1, 

To solve the equations, a set of boundary conditions 
are needed. In this case^ the necessary conditions, 
for the deterrrdnation of th* Constants, in general 
are the shear and moment at the top of the pile, continuity 
conditions far deflection (y) , slope (y’ ) , BM (y") , SF(y‘**) 
and soil pressure (yi"'^) and the moment and shear at the 
bottom of the pile. 

In the investigation the method of solution 
adopted is indirect. Instead of assuming the load or 
moEiaent at top, a soil-pressure distribution is assumed 
and for that case the shear or moment at the top is 
calculated, which is the shear or moment applied on the 
pile. 
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TABLE 2.1 

NON DIMENSIONAL COEFFICIENTS 


Character 

V 

^Expression 

1 Nondimensional coefficients 

1 Load at top 

I Moment at 

top 

Deflection 

Y 

El 

* p^t3 

y 

TT El 

- MtT2 

y 

Slope 

dy 

A- - 


El 

= M^T 

dy 

dx 

dx 

PtT2 

dx 

Bending 

moment 


Am- — 

P^T 

do? 

Bm= -Si— 
^t 

d^y 

do? 

Shear 

force 

d^y 
“ d^? 

TV 

Av = 

: Pt 

d^y 

S? 

=-5b; 

d-^y 

S? 

Soil 

pressure 



dx'^ 

EIT 

d^y 

dx^ 

^ EII^ 

Mt 



Stage 1 : 

Solution of the equation (2,29) is simple and 
straight-forward. Defining the solution is 

given by; 

Ayi = Sin SinhjiSz + A 2 Sin^Z Cosh^^Z 
4 - A 3 Cos Sinh j 0 Z + A 4 Cos j 5 Z Cosh;*< Z 

(2.37) 

The constants A^ to A^ are determined by the boundary 
conditions . 

Stage 2 : 

Equation (2,3o) can be solved by integrating 
four times and the solution is given as: 
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az5 

Ayi _ + + ^ 25 + A^ 

24 120 6 2 -^ • 


... (2 i38) 


The equation (2,31) for the lower elastic zone can be solved 


for Y2 in Stage 1 (2,37) and the constants are denoted 
by to The constant terms can be determined with 
the help of boundary conditions and the continuity condi~ 
tion. It is seen that nine equations are available viz. 
eqn. nos. (2 ,30) &( 2 .31) for nine unknown constants. In 


this analysis * is varied and is known. For various 
values of V,’ the corresponding shear at top is deter- 
mined, which gives the magnitude of in nondimensional 

form. 


Stage 3 : 

The general solution of equations (2.32) and (2,33) 
are the same as (2.38) and (2,37) respectively. The equation 
(2,34) is solved by integrating it four,, times and the 


solution is presented as; 


az5 CiZ3 

+ Ho + 


+ Co z + 


(2.39) 


In this case there are fourteen unknown constants which 
are A^ to A^, to B^, C-^ to and also *c(,^ * and ’ * . 

In the actual analysis, the value of *c3tv^' is 
assumed and different values of ' ^ ' are tried, and the 
final solution is checked for the bottom boundary 
condition wh.^ rh is, moment at the bottom of the pile is 
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zero. If this conditon is satisfied the value assumed for 
C)(, ' is correct. The other constants are found by top boun~ 
dary and continuity conditions. 

Stage 4: 

The general solutions for the equations (2,35) and 
(2.36) are given by (2,38) and. (2, 39) respectively. Among 
the nine unknov^7n. constants., the value of<a<^is assumed in 
this case and eight unknown constants are determined by 
substituting the boundary and continuity condition. 

The solution for stage 4 can be arrived at by a 
different approach. The soil pressure distribution for 
this stage, with the consideration of increasing ultimate 


strength with depth is shown in fig. 2,7. 


"" ’^o^l " 
= 5-2 dzf. 


P4 = 1. dCZm-^i> . 


b^ = Z3_/2 
bo = r Zi 


n 2 


b4 = f n V Zl) 


Taking moment of all the resultant forces P]_, ^2' ^3' ^4 
about the top of the pile (i.e about ’O*)’ and equating to 


zero for limiting equillibrium, can be written as; 

Plbi + P2b2 - P3b3 - P4b4 =0 ... (2.40) 

substituting all the expressions for P's and. b*s denoting 
o( 1 and on simplification, the final form is 
given as; 





FIG{2-8) DEFLECED SHAPE OF FIXED -FREE PILE 




.38 


2 dZj^ c<'^ + 3 -(f nig + =0 ... (2.41) 

On substituting *d‘ = 0 in (2.4l) for uniform soil behavior 
with depth, the value oft?!,^^ is a constant and is 


J2 



CHAPTER III 


FREE -FREE AND FIXED-FREE PILE 


3.1 INTRODUCTION : 

In this chapter actual solution for the different 
cases for different working condition of the pile and the 
corresponding boundary condition are discussed. 

The pile, when acted upon by lateral loads may under- 
go several cases depending upon the type of construction of 
the pile. Considering the general functions of a laterally 
loaded pile, they may be broadly classified in two types 
Type I : free-free pile 
Type II : fixed— free pile 

A pile which is free to move both at the top and also at 
the bottom is classified as Type I. This can again be 
subdivided into two cases. 

Case I ; Load at top (P^ only) 

Case II : Moment at the top (M^ only) 

A pile which is fixed at top and free to deflect 
at the bottom is characterised as fixed-free pile and 
denoted as type II . 

3,2 FREE-FREE PILE : 

The boundary and continuity conditions for the 
free-free pi] e is given in table 3,1. In the table 
moment is denoted by ‘M* and shear is denoted by ‘N* . 
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TABLE 3 . 1 

TYPE ■ I FREE^FREE PILE 


StageXTypeXCjoverniNo .ofXNo . iBounlContinXcontilBoundaryX Assumed 
No, X of Ung eqlunkn-Iof Idaryluity InuityXconditi-Xparameters 
XLoadIuationXov;ns lavailXcondXcondi Xcondilfon at I 
1 X No. X latole telonitlon X??STlSSt?om 1 
XX X Xeqns.Xat Xat Xat XZ=Z^ X 


} { > t k°P f 


i 


Load 

2.29 

4 

4 

M=0 

N=P^ 


Mom'=‘ 

nt 

2.29 

4 

4 

M=M.^ 

N=0 

- 

Load 

2 ,30 

9 

9 

M=0 

N=Pt 

yi=Y2 

yi’*y2' 


2.31 




yi"=y2” 

Home 

nt 

2.30 

2.31 

9 

9 

N=0 

Vl “Yj" 


M = o 
N = O 

M s= O 
N = 0 


M = O 
N = O 


C<-l 


M » 0 
N = O 


ol\ 


Load 

2.32 

2 .33 

14 

14 

II 

O 

^0-^2 =y3 

M = 0 


3 

2.34 



N=^t 

^2-y3' 

N = O 


Mome 

nt 

2.32 

2.33 

2.34 

14 

14 

M=M^ 

N=0 

^2=y3 

iv 

^2=Y3 

M = 0 

N = O 

0 (,- n' 


Load 

2.35 

2.36 

9 

9 

M=0 ■ 

N=Pt 

-do- - 

M = 0 

N = 0 

oLi 

Mome 

nt 

2.35 

2.36 

9 

9 

M=M. 

M=0^ 

-do- - 

M = O . 

N = 0 
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Regarding continuity conditions/ the deflection/ slope bending 
moment^ shear force and soil pressure are calculated at the 
interface of plastic and elastic zones with the help the 
equations/ for plastic and elastic zones separately and they 
are made equal to satisfy the continuity conditions. In the 
table the term 'El' is omitted as it is assumed/ El remains 
the same for whole length of the pile/ which is true for 
all particular cases. 

3 .3 FIXED-FREE PILE i 

Table 3.2 shows the boundary and continuity conditions 
for pile type II i.e. fixed-free pile. 

From equations (2.29) to (2.36)/ with the help of 
conditions from table (3.1) and (3.2) a set of simultaneous 
equations can be formed for different cases. The set of 
simultaneous equations are solved by matrix inversion method 
with the help of IBM 7044 digital computer and all the values 
of the constants are arrived at. 

In this case the variables involved are ' < ' , * 3* ' / 
'r^', 'Zmax*^ ‘^o' ■ Solutions for different 

combinations of the variables are worked out and uhe results 
are presented in the form of graphs. 

When Zmax -4 ^ pile is called a short pile and 

when ^tiax^ ^ called as a long pile. Solution ror 

stage 1 for piles of type I and type II have been dealt 
with in details by Madhavan (24) so this portion is omitted 
here. 



43 


TABLE 3.2 

TYPE II .. FIXED-FREE PILE 


StageXEqn.iNo .ofXNo .of XBoundaryX ContinuityX ContinuityX BottomlPar. 
XNos.XUnkn-XEqn s.Xconditi-X condition Xcondition Xcondi-Xmetc 
X Xown X Xon at Z=oXat Z=Z]_ Xat Z=Z 2 Xtion Xassui:. 


Slope=0 

1 2,29 4 4 Deflection 

=0 


M = 0 
N = 0 


2 2,30 9 

2.31 

Slope=0 Yi=y2 

9 Deflection y^=Y 2 

yi=y2 

y'i'=y2‘ 


M = 0 

N*V 0 


$ 

3 2 .32 14 

Slope=0 

Deflection -do- 

^2=73 

M * 0 

K as 0 


2.33 

2 .34 

=0 

Yi^= Y^^ 




4 


2.35 

9 

2 ,36 


Siope=0 

9 Deflection -do 
=0 


M = O 
N = 0 


CL, 


Graphs are drawn separately for short and long piles. 
Equation (2.41) is solved for various coinbination of d, 
and fUq to find and the results are shown in graphs. 
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3 DISCUSSION OF RESULTS ; 

A, FREE-FREE PILE; LOAD AT TOP^ TYPE -- I, CASE- I . 

Figure (3 .1) shows the plot of shear at top versus 
deflection at pile-top for 2^=1, to and for the values 

of mQ=0,2 and 0.5. This plot may be called as the load- 
deflection curve for the pile. It is seen, the load capa- 
city for a given deflection increases v/ith increasing pij-e 
length. 

V^ith higher value of ’mQ'; the load capacity is 
increased. But, with the increase of the effect of 

decreases i.e. for a given deflection, the ratio of the loads 
for mQ=0.2 and m|^=0.5 respectively approaches unity for 
higher values of Z^. But in case of shortpile, the effect 
of ' itiq* is significant. This fact is seen from fig. (3 ,2. a) 
and fig. (3.2 b) . From fig. (3,3 a) it is seen, ’rriQ* has 
significant effect on load— deflection characteristic, for 
d = 0 for long pile. But for d=l, the effect is negligible. 
The effect of 'Tq' is to increase the load-capacity 
of the pile, which is seen from fig. (3.2 a) and (3.2 b) for 
shortpiles. Whereas for long piles, the effect of ’r^' is 
small for d = 1 , 

Fig. (3,4 a) shows the plot of top-deflection vs. 

It is seen, that the deflection at the top, increases 

with the increase of Deflection at top reaches very 

high value for /====, when the pile behavior transforms 

v 2 
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from stage 3 to stage 4. This is also seen from the analysis 
for ultimate load capacity of the pile, in stage 4, (Fig. 3. 22) . 
The rate of increase in top-deflection is slightly affected 
by ‘mQ* . Fig. (3.4 b) shows the plot of 2 _ vs , It is 
seen, for cj( 0.384, the pile behaves, as stated in stage 2. 
Also for 0.707, the pile behaves as in stage 4, So, the 

pile behaves, as in stage 3 for the range of =0.384 to 

C](]_ =0.707, Bottom plastic zone starts from =0.707, the 

elastic zone is completely eleminated. All these conclusions 
are valied for uniform soil property with depth (i.e, d=o) . 

From fig. (3. 5), it is evident that the deflection 
along the length of the pile is lower for higher value of 
r^. For increased value of m^, shear distribution along the 
pile is increased. 

The variation of deflection, moment, shear and 
soil pressure co— efficients, along the length of the pile 
is shown in fig. (3,6) for diffirent values of ©( and for 
short pile. Fig. (3,7) show the same characters for a' long 
pile. It is evident that the short pile is one, v;hich behaves 
like a rigid pile, and the long pile is one, wherein the 
behavior is as that of a flexible pile. 

As oL ^ increases, the deflection, bending moment, 
shear force and soil— pressure increases along the depth, 
v/hich are shown in fig. (3,6) and (3.7) for short and long 
piles respectively. 
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F!6C3-6) VARIATION OF DEFLECTION, B.M, S.F AND SOIL PRESSURE WITH 



FIG(3-7) VARIATION OF DEFLECTION, B.M, S.F AND 

WITH c<, 

LONG PILE 
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The main advantage of the elasto— plastic analysis 
of pile is shown by the fact/ that it carries greater load. 
In general/ the load capacity is increased by about 10%, 
V7hen the soil behavior changes from stage 2 to stage 3 . 
and the increase in overall load capacity from stage 1 to 
stage 3/ is about 3(f/o, 

B. FREE.,.FREE PILE: MOMENT AT TOP; TYPE^l/ CASE II ; 

Moment applied at top versus top deflections are 

plotted in fig. (3.8 a) for Zjj^=3 to 5. A graphical 

comparison of the curves for m =0.2 and m *0.5 are also 

O ' o 

shown. It indicates the magnification of deflection and 
moment for decreased value of 'm^' . It is seen that/ in 
the initial stages the moment-deflection relation is linear 
which shows/ the soil behaves elastically (stage l) . When 
moment is increased a certain limit/ stage 2 is reached 
and finally for higher moment/ stage 3 is operating. 

Similar infomations are seen from fig. (3,8 b) ; 
wherein, the increased value of ‘ro’ induces higher amount 
of pile deflection for the same value of . It is also 

seen from the plot, the moment capacity increases with 
greater loile length. 

For d = 1/ the moment capacity is increasingly mag- 
nified for the same pile. This is seen from fig. (3,9). 

The effect of ‘m^^* on short pile is shown in 
fig. (3,10 a) . In this case, with higher value of mQ, the 
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moment capacity is increased. For an increase of 'mQ* from 
0.2 to 0,5/ the ultimate moment capacity increases from 
0.5 to 1,25, On an average, the increase of m^ by 0,1, can 
increase the moment capacity by 2.5 times. 

As presented in fig. (3.10 b) , the effect of r^ on 
long pile is insignificant, so far as moment-deflection is 
concerned. 

From fig. (3.11 a), it is evident that, the effect 
of increasing is to reduce the deflection along the 

length. The short pile behaves as a rigid pile. Also the 
bottom being free to move, the depth of zero deflection of 
the pile, is reached exactly at the mid-depth of the pile. 

Fig. (3.11 b) shows, that the moment capacity of 
the pile, increases with the increasing value of and 
also the distribution, of moment, along the depth is 
increased proportionately with ‘m^’ . It is also evident from 
the figure, that the monent capacity increases in the same 
proportion, with m^. 

Variation of deflection, moment, shear force and 
soil pressure along depth for short pile is presented in 
fig. (3.12) , Symmetry in deflection at top and bottom is 
clearly seen. This shows that, the pile behaves as, it is 
hinged at the mid-depth. The shear force distribution is 
linear for -he plastic zones at’ top and bottom. The soil- 
pressure distribution is also symmetric about the mid-depth. 
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All these properties are valid for d=0 i.e. soil property 
in invariant with depth and for stage 3 . 

Variation of deflection^ moment^ shear and soil 
pressure distribution along the depth for a short pile^ 
in stage 2 and for d=l is shown in fig. (3.13) . Variation 
of the above said propeirties for different 0<^i/ are also 
shown in the figure. With d=l/ the moment capacity of the 
pile is increased. 

Typical plot for variation of deflection^ BM, SF 
and soil pressure is shown for a long pile and the soil 
property changing with depth, in fig. (3.14) . Deflection 
at the bottom being very small, the bottom plastic zone 
does not develop in this case. 

For uniform soil behavior with depth, and for 
short pile, stage 2 is not reached in the case of free— free 
pile with moment applied at top. As there is no lateral load 
at top, the soil pressures on both the sides of the pile is 
equal and this give rise to a mom.ent, which is equal to 
the moment at top. For this reason, the deflection is 
symmetric about the mid-depth of the pile and a plastic zone is 
formed at the bottom, corresponding to a plastic zone at top. 
From the same reasoning, it can be shown that, the ultimate 
capacity of the pile is reached, for o( j^=o.5, which is 
apparent fron fig. (3.12). 

As in the previous case, the increase in pile 
capacity is about ICfA, 
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MOMENT- DEFLECTION RELATION FOR DIFFERENT m*, AND 













63 


C. FIXED-FREE PILE TYPE: II : 

As stated earlier;, the method of solution applied 
in this case, has no control over the moment or shear applied 
at the top. In the actual solution, a soil pressure distri- 
bution is assumed, and the corresponding moment and shear 
at the top is computed. In the results only the effect of 
shear at top is shovjn and discussed. 

In fig. (3.15) the effect of on load-deflection 

character is shown. For short pile, the effect of ’r^' is 
significant. For higher values of 'rQ*, the load-capacity 
of the pile is increased. The effect of •n load- 

deflection character for long piles is insignificant, as 
in the previous cases. 

Effect of 'mQ* on load-deflection property, for a 
short pile is practically negligible for the initial portions 
i.e. for stage 1 and stage 2, The response of ’rn^‘ gradually 
becomes significant with increasirg load. But "for long pile, 
the effect of 'm^* is small and is fairly unifom. The curves 
for load versus deflection at top are shown for mQ=0,2 and 
0.5, and for short and long piles separately in fig. (3,16) . 

In fig. (3.17) load-deflectioh curves for d=0 
and d=l are shown for short and long piles separately. It 
is evident that, vjith d=l, the pile capacity increases to 
a large extent for both short and long piles. 
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Effect of .‘Tq* on deflection, BM, SF and soil 
pressure along the length of long pile is shown in fig. (3, 18), 
with increasing ‘r^^* the deflection decreases. 

Fig. (3-, 19) shows the typical behavior of a fixed 
free, short pile. In this case, the pile being rigid and 
also fixed at top, the pile naoves bodily when acted upon 
by lateral load. Shear- force distribution is linear. The 
soil pressure distribution is uniform and of the same 
nature for the whole length of the pile. 

Typical deflection, BM, SF and soil pressure dist- 
ribution along the length of a long pile is shown in ' 
fig. (3 .2o) for- stage 2, 

Because long pile does not behave as rigid pile, stage 3 
of soil pressure distribution is possible in this case and 
this is shown in fig. (3.21). 

As stated earlier, that a short pile behaves as a 
rigid pile, and it moves bodily, under lateral load. The 
soil pressure distribution for d= o, have a particular 
effect. In this case, the proposed stages of pile— soil 
interaction is not valid- Soil behaves uniformly, for 
the whole length of the pile. Deflection being uniform, the 
soil pressure is uniform (= - ky or mo) and have the same 
sense. So, the soil behaves elastically or plastically 
for the whole length of the pile. The ultimate load in 
this case is given by: 
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where, 

= ultimate load capacity of the pile. 

For long pile stage 1, stage 2, and stage 3 are 
possible and the proposed model is valid in. the case of 
fixed.-free, long pile, 

D. ULTIMATE LOAD FOR FRFE^FREE PILE. LOAD AT TOP ; 

Values of < 3 ^^ for different values of and for 

various values of ’d' are plotted in fig. (3.22 a) . From 
the plot, it is evident that, for higher values of 'd‘, the 
values are increased. This is explained by the fact that, 

for higher value of ’d’, the effect of overburden is increased. 
On the other hand, for higher value of ‘rtiQ' the value of ‘ci( 3 _ 

is decreased for a given value of *d’ . 

in fig. ( 3,22 b) , values of c^. are plotted against 

the valus of ’d’ for different Zj„, As stated in section 2.6, 
for d= 0 , the value of «*( y is , for any value of 2 ^- It 

is seen from the plot, the value of OC 1 starts from c<i=0 .707 
apd it asymptotically reaches the value of <^=0,79 with 
increasing Theoie tically for infinite pile length 

(i,e. =00 ), the value of o(^ reaches 1 ,(see appendix B) , 




EFFECT OF 






FIG(3I8) EFFECT 






0*1 0-2 


71 



ibution 




FI6(3-2I) DEFLECTION, B.M, S.F. AND SOIL PRESSURE DISTRIBUTION 
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CHAPTER IV 


OVERHANG PILES 

4.1 INTRODUCTION : 

In general, the laterally loaded piles which are 
used in off-shore structures, have some portion of the 
pile projecting above the soil. This type of piles have 
certain characteristics which are different from the types 
discussed previously. This type of piles are named as 
"overhang piles." The effect of overhang is to induce a 
certain amount of maaent and shear force at a section of 
the pile at the top of the soil. In this section, a 
direct approach to the problem is dealt with, and the 
solutions are obtained in nondimensional forms. The 
deflection pattern of overhang piles is same as discussed 
in section 2.1, 

4.2 PILE BEHAVIOR ; 

The deflection at the top is maximum, it gradually 
reducesoAvJreaches zero at some point, the deflection incre- 
ases and reaches a high negative value at the bottom of 
the pile (Fig. 4.1) . 

4.3 SOIL BEHAVIOR : 

As discussed in section 2.2, all the four stages 
of soil-pressure distribution are possible in the case of 
overhang piles (Fig. 4,2 ) . The model proposed in section 2.3 
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is also applicatole to this case. The characteristics of 
the pile may be represented by the fact that the soil 
reaction is zero upto a depth X]_, starting from the top 
of the pile. Corresponding to this fact, there is no 
spring and friction block in the model for a depth upto 
The corresponding model is shown in fig. 4 3 . 

The soil and the pile behavior in the present case 
is the same as free-free or fixed-free pile cases. 


4.4 FORMUL71TIQN OF THE PROBLEM ; 

In this case, the basic differential equations 
are same as the previous cases. Using the notations defined 
earlier, the equations can be written in the following 
manner for different stages; 

Stage 1: 

^4 

For overhang protion: El - — ^ = 0 for 0;^X|^xj_ ,*.{4.1) 

Q. X 


For elastic zone : El + ky=0 for Xi^x^L ...(4.2) 


Stage 2 : 


For overhang portion: El ^ ^4 =0 for 0<x 

4x1 


For top plastic zone; El 


d y^- 


+q=0 for Xi^x^X 2 


.... (4.4) 


For bottom elastic zone; El -p- + ky = 0 for xa^-X^L 

(4.5) 




md 
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Stage 3 : 

d^Yl _ ^ 

For overhang portion : ^ 


<^^Y2 

d 


for O ;^x ^ X 3 _ 

...(4.6) 


For top plastic zone: El - — ^ + q = o for x-j_^x^X 2 


...(4.7) 




For middle elastic zone: BI- — ^2 

d 'v X 

...(4.8) 

d4y^ 

For bottom plastic zone: EI^'^-^- - q=0 for X 3 ^x^E 

...(4.9) 


Stage 4: 

For overhang portion: 
For top plastic zone: 


d'^Yl , 

= 0 for O^x^x;^ . 
+q=0 for 

d x^ ^ 


(4.10) 

(4.11) 


For bottom plastic zone: 


-q=0 

d x^ 


for X 2 ^x-^L 

... (4.12) 


Using the nondimensional terms definea earlier and 
the process of algebric operations, the final form of the 
equations are ej^pressed as: 


Stage 1 : 

= 0 for OZZ 

dZ^ 

+ r^Ayj = 0 for 

dzj 

Stag3 2 : 

= 0 for O ^z 

dZ" 


.... (4.13) 

(4.14) 


(4.15) 
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■^Z^' + a (Z - Z^) J =0 for Z ^Z 2 ... (4.16) 

-4, 

a Ay^ 

+ roAY 3 = o for Z 2 ^ Z ^ Z^^ ,..(4.17) 

Stage 3 : 

d^Ay, 

■ 7 ^ = 0 for O^Z ^ Z^ ...(4.18) 

+ a(Z - Z 3 ,)^= 0 for Z^ ^ Z Z 2 ...(4.19) 

d^Ayo 

+ roAy 3 =0 for Z 2 ^ Z ^Z^ ...(4.20) 


d'^Ay4 __ 


dZ^ 
Stage 4: 


d'^Ay, 

dZ"^ 

d'^Ay2 

dZ^ 

d'^Ay3 


dZ' 


The 


|mQ + a(Z - = 0 

for 

4< z 5 

,..(4.21) 

0 for 0 4 Z ^ Z^ 



...(4.22) 

m^ + a(z — Zj^) ^ ~ 0 

for 

Z 2 

...(4.23) 

+ a(Z — Zj^) ^ ~ ^ 

for 

Z2« 24^ 

,..(4.24) 


set of equations from (4.13) to (4,24) 


completely defines all the possible stages of an overhang 


pile, acted upon by lateral load. 


4,5 SOLUTION; 


The equations can be solved exactly in the same 
manner as the free-free or fixed-free pile. The solution 
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for the- overhang portion is given by: 

Ay ~ g ^^2 2 * ~ ^ 3 ^ '^ 4 . •••• C4,25) 

The constants can be determined from the boundary 
and continuity conditions. The necessary and available 
conditions for the solution of an overhang pile under 
various stages are given in table 4.1. 


TABLE 4.1 

FREE-FREE PILE WITH OVERHANG 


S t a Ig o V e r ^ No , o f I N o. of Tbou ndX Conti nu I Conti X Co nt i I Bottom I Parameter 
ge Ining Xunkn-XEqn. lary Uty at X nuityl nuityX Conditi^l assumed 
l^o *lEqn# Xov;n X Icondil Z=Z| X at I at Ion at I 

I No. X X Ition X XZ=Z 2 Xz=Z3 Xz=Zj^ X 

X X X X at top X X M X 


1 


2 


3 

4 


4.13 

,14- 


4 » 1 D 

4.16 14 

4.17 


4.18 

4.19 

4.20 19 

4_.2J 

4.22 

4.23 14 

4.24 


9 


•MeO 

N=P^ 


Yi=Y2 

yi'=Y2 



y“'-y'" 


XV - 

Yl=y^v 


M=0 

N=0 




M=0 

14 -do- 

N=Pt 


19 


M=0 

-do- 

N=^t 


M=0 

14 -do- 

N=Pt 



•'i 

-do- 


y3=y4 

Y3=Y4 

Y^-yi^ 


M=0 

K=0 


M=0 


-do- 


N=0 


<^1 

^1. 




^2. 
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ihe method of solution adopted for stage 1 to 
stage 3 is the same as before. The variables used are 

1' *^2' ^3^ “^o Different combination of 

these variables are chosen for both short and long piles 
and numerical solutions are obtained for the set of 
simultaneous equations by the method of matrix inversion 
in the digital computer IMS 7044. Values of deflection^ 

S.F. and soil pressure are worked out in nondimen— 
sional from and are shown in graphs. 

SOLUTION FOR STAGE 4 : 

The solution for stage 4 in the overhung case is 
carried out in the same manner as that in chapter 3. The 
soil pressure distribution for this case is shown in 
fig. 4.4 with the consideration of increasing ultimate 
strength vjith depth. 

Taking moment of all the forces about the top 
end of the pile *0' and equating to zero for limiting 
equillibrium/ can be written as; 

^ 1^1 ^ 2^2 ” ^ 3^3 “■ ^ 4^4 ~ ^ **• *** 

Substituting the expressions for P's and b's from fig. 4,4 

and on simplification/ the final expression is given by; 

£ + 2 mo <<2 +[^ 

=0 (4.27) 

3 ^ 
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Substituting d=0 for invariant soil properties with depth, 
the equation (4.27) simplifies to a form as given below; 

2 2 

2ci2-^^”-l=0 ••• (4.28) 

Solutions for both the cubic and quadratic equation (4,27) 
and (4,28) respectively for various combination of a( 

0 ^ 2 ' tiQ, d are worked out and presented in figures, 

4.6 DTSCUSSION OF RESULTS ; 

Typical plot of load at top versus deflection at 
top for overhang piles are plotted for short and long piles 
separately in fig, (4.5). In fig. (4.5 a), load-deflection 
curves for varying length of overhang are shown. It is 
evident, from the plots, that, for increasing length of over- 
hang, the load capacity of the pile is decreased. The same 
information for long piles are shown in fig. (4,5 b) , 

The effect of ' r^' as seen from the plot, is to reduce 
deflection for the same load. This behavior is valid for 
both short and long piles. But in both the cases, the 
ultimate load remains the sam.e for a given length of overhang. 

The response of ‘mQ* is to increase the load-capacity 
for both long and short piles, as seen frcsn fig. (4.6 a) and 
(4,6 b) , In both the cases, when is increased from 0,2 to 
0,5, the load capacity is increased by 2.5 times. From the 
figures it is seen that the load capacity increases linearly 
v^ith the increase in which is also evident from the 


formulation. 
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The contribution of on load deflection charac- 
teristics are plotted in fig. (4,7) for both short and' long 
piles. As in the case of free-free pile, load at top, the 
effect of is to increase the load capacity of the pile 
to a great extent. This is true for both short and long piles. 

The effect of 'r^' along the length of a long or 
short pile, is to decrease the deflection for increased value 
of • This is shown in fig, (4,8 a) . The increased value 

of / enables a pile to take higher shear, as seen in 

fig* (4,8 b) , 

The relation between 0(2 and 0(3, for different values 
of oi are plotted in fig, (4,9) , From the figure it is seen 
that, for the bottom plastic zone (stage 3) starts 

from the value of o( 2 == 0 ' 375 . Similarly for 3 ^ =0,2, 0,3 
and 0,4, the corresponding values of ©(^2 0,4, 0,44 and 

0 . 49 , when the bottom plastic zone starts. ' r^’ and 
have very insignificant effects on the nature of o<, 2 » 

In fig, ( 4 , 10 ) the variation of deflection, BM, SF 
and soil pressure along the length of a short pile for 
different values of oCv2 shown. For a given length of 
overhang, the load capacity is increased with the increase 

in c<2. 

Similar plot for long pile is shown in fig. (4,11) . 

The nature of deflection along the length for 
different lends for a long pile, is similar to that, seen 
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by Gleser (51) in actaiaX tests. The movement of the pile 
subjected to a given lateral load is an inverse function 
of the rigidity of the pile. In general the increase in 
load capacity of the overhang pile, increases by about 
10 to 12.5%, when the pile-soil interaction pattern changes 
from stage 2 to stage 3. This shows, the elasto-plastic 
analysis results greater load capacity when compared with 
elastic analysis, 

ULTIMATE LOAD FOR OVERHANG PILE : 

Values of are plotted against the values of 

*d‘, for c<, 3 _= 0 ,l, 0.5 and for mj^==0.2, and 0,5 in fig, (4.12) 
Eor d=0, the values of 0(2 given below: 
c% 2 = 0.71 for 0 ( 2 ^ = 0.1 

0^2 ~ 0.79 for 2 ^ 0,5 

These values of 2 corresponding values of o( 2 . 

are also obtained in table (B-1) . For increased value of 
'mQ* the value of o< 2 increase and for decreasing value of 

2 . the value of < 0^,2 increases. 

Similar nature for long pile is seen in fig, (4. 12 b) 






CTIO 
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RG(4-8) EFFECT OF r® a m® ON DEFLECTION AND SHEAR DISTRIBUTION 



WITH U ^ FOR DIFFERENT 



0 04 006 







ULTIMATE LOAD 



CHAPTER V 


EXPERIMENTAL VERIFICATION 


5.1 INTRODUCTION ; 

The prime objective of this experimental study 
is to investigate the static effects on a single model 
pile embedded in sand. Attempts have been made to compare 
the pile deflections and moments induced by static loading 
predicted by the present theory with those observed 
experimentally . 

One characteristic has been common to all the 
experimental testing conducted to date^ namely, static 
loading and strain or moment measurements. The most common 
test apparatus employs some device for measuring strains 
at fixed locations on the pile. Strains are conveirted to 
stresses and the distribution of bending mcment in the pile 
as a function of depth is then determined. By integrating 
the function twice and applying proper boundary conditions, 
the deflection of the pile at different depths can be 
determined. Similarly differentiating the function twice 
the soil pressure distribution can be found out. 

In this part only bending mcment at few points 
along the depth and the deflection at the top of the pile 
are determine! for various lateral loads. Accordingly, the 
test program has been divided in two parts. 
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5.2 SOIL BEHAVIOR : 

The foundation medium chosen is medium fine dry 
sand. The physical properties of the soil are: 

Specific gravity : ' G = 2.663 
Void ratio : e = 0i886 

Bulk density : = 88 pcf. 

Sand passing B.S.S. sieve No. 14. 

To determine the strength parameter (i.e. angle 
of internal friction 0) of the sand direct shear (shear- 
box) test was run for various normal loads. Shear-box test 
may not truly represent the behavior of the soil that 
is acted upon by a laterally loaded pile. However the 
results of the shear-box test have been assumed to be 
representative of the soil. It is also assumed in the test 
that the shear strength of the sand is small at the surface 
The shear strength is only due to overburden pressure and 
the variation assumed is linear. 

Shear-box tests are run for various normal loads 
nair.ely 0.05, 0.1. 0.15, 0.2 and 0.25 TSF. The stress curves 
are shown in figure 5.1 also the plot between normal and 
shear stresses is shown in the same figure. The value of 
0 is found to be 28. 

The value of constant for variation of shear 
strength with depth M’ is determined by the following 


p roc 0(3.11 re : 
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Normal stress due to overburden at a depth x= 

For this value of normal stress/ the corresponding 
value of shear-stress is found from the plot of normal 
stress vs, shear stress from fig. 5,1. The value of 
shear stress obtained is T (say) . Then the value of 
* a’ is ^ven by: 

s ~ ^ ..,(5.1) 

From actual tests and for the value ofl^g =88 pcf/ 
the value of 'a‘ obtained is 0.03. 

5 .3 E}<PERIMEMTAL SET-UP : 

For the puirpose of description, the apparatus may 
be considered as composed of five component parts; the 
tanh, pile, load application device, foundation medium 
and electronic equipment. 

TAl'IK, LOADING DEVICE AND FOUNDATION MEDIUM: 

Figure 5.2 shows the tank assembly and also the 
arrangements for static loading. A circular tank, 3 ft. 
in diameter and 3 ft. 6 inch, high made of 1/16 inch 
thick mild-steel plate is chosen for holding the founda- 
tion raaterial. 

The tank is filled upto the top level with the sand, 
as described in section 5.2. Filling is done in 
layers of 8 inches each and each layer tamped with a 
round bottorii inch diameter steel rod for 25 times. 
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The loading device is very simple. The pile head 
is connected to a nut to which a steel hooh is welded, A 
flexible steel rope is connected to the hook and passes 
over a frictionless pulley. A loading pan is connected to 
the other end of the rope. Loads are applied on the pan 
in stages. 

PILE ASSEMBLY: 


The tests are run for two s’eparate cases. The 
tests in v/hich the load vs top deflection for various 
pile-lengths are determined, simple steel piles of 
lengths 6, 12, 18, 24 and 30 inches are used. 

Pile material : mild-steel round 

Diameter = ^ inch. 


E 

I 


= 30 X 10^ psi 

= 0.118 cm*^ 


Bottom of the piles are rounded. 

In the other test, in which bending moment at 
various depths are measured, the pile is made of aluminium, 
several features of the model pile are worthy of special 
note. Aluminium with its lower modulus of elasticity is 
used, in order to allow greater lateral deflections and 
bending strains at lower applied loads. The specifications 
for the model pile are as follows: 
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Aluminium pile = square pile , 

Cross~section = 1 cm x 1 cm. 

Unit weight = 0.232 kg/metre 
Length of the pile = 2'-0*' 

El = 24800 lb -in? 

Five straingage locations are chosen and are shown 
in figure (5.3 a) . Ten straingages are placed on opposite 
faces and are aligned with respect to pile bending axis. 
Lach gage is placed so as to measure the maximum bending 
strain of the pile. The strain~gage specifications are: 

Make: Mahavir Optical and Scientific WorkS/ Roorkee,. 

India. 

Type ; ET - 5 

Gage-factor; 2.02 
Resistance : 125 ohms. 

To prevent short-circuit and also to avoid the 
disturbance in the soil^ No. 28 gage enamelled copper 
wire is used for connection. The strain gages placed on 
the pile are wrapped with cellotape to prevent any dis- 
turbance during testing. Switching and balancing unit of 
BLH make/ model no. 225 has been used. The strain 
indicator used is made of BLH^ model 120 (The gages 
are connected for four-arm bridge) . 

The combination of switching unit and the strain 
indicator capable of recording highly amplified strain 


variations . 
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5.4 CALIBRATION OF TEST PILE ; 

The straingage locationsy as stated in the previous 
section^, are used to measure strain due to a calculated 
amount of bending moment. For this purpose^ the pile is 
placed horizontally on roller supports placed at 20 inch 
apart. like a simply supported beam, and the vertical con- 
centrated load is applied at the centre through a knife 
edge support. Figure (5.3 b) . 

The bending moment at any section, x, along the 


simply supported pile is given by: 
.. Px 


(5i2) 


^ 2 

In the actual experiment, different loads are 
applied, the deflections are measured by dial gages and 
the total strain induced in different gages are noted. 
Bending moment at different points are calculated from the 
equation (5,2) . The final calibration factor arrived at 
is 11.5 microinch/inch per ft. lb. Temperature effects are 
considered while calibrating the pile (Table 5,1) . 


5.5 DATA COLLECTION : 

Only static tests are conducted on the model pile. 

At zero load, the initial readings of all the straingages 
are noted. The load increment chosen is 2.5 lbs. After 
the application of the load on the pan, some time is allowed 
for the pilv to come to a rest position. (When the top and 
the bottom plastic zones extend to take up the lateral load ) 



TABLE 5.1 

CALIBRATION OF THE TEST PILE FOR MOMENT 
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Gage 1 x IlnitialX Final Xac 

LocationI inch! strain! Strainl'^ ^ 

Y M 

^ initial 


1 


I 

JtP=4.22IP=S.22I 

1 

I r 


T 


2 

4 

410 

155 

45 

8.44 

12.22 

4 


11.25 

3 

10 

2 45 

355 

110 

21.10 

31.10 

10 


11,00 

4 

16 

120 

170 

50 

8.44 

12.22 

4 


12 .5 

7 

4 

105 

155 

50 

8.44 

12 .22 

4 


12.5 

8 

10 

250 

3 60 

110 

21.10 

31.10 

10 


11 ,0 

9 

16 

110 

155 

45 

8.44 

12.22 

4 


11.25 



lP=12, 

22Xp=14 

.22 1 






2 

4 

290 

335 

45 

24.44 

28.44 

4 


11.25 

3 

10 

675 

780 

105 

61 .10 

71.10 

10 


10.5 

4 

16 

315 

365 

50 

24.44 

28,44 

4 


12.5 

7 

4 

300 

345 

45 

24.44 

28*44 

4 


11.2' 

8 

10 

690 

800 

110 

61.10 

71.10 

10 


11.0 

9 

16 

300 

345 

45 

24.44 

28.10 

4 


11.25 



■^issaai 








2 

4 

555 

630 

75 

48 .44 

54.44 

6 


12.5 

3 

10 

1295 

1455 

160 

121.10 

136.10 

15 


10.7 

4 

16 

600 

675 

75 

48.44 

54.44 

6 


12,5 

7 

4 

595 

660 

65 

48.44 

54.44 

6 


10.8 

8 

10 

13 50 

1 1510 

160 

121.10 

136.10 

15 


10.7 

9 

16 

590 

665 

75 

48.44 

54.44 

6 


12.5 


Average .triJr.- = 11.497 
M 

Calibration factor = 11.5 micro inch/inch/in. lb. 
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Then the dial gage and the straingage readings are noted. 
When the soil starts behaving plastically, it is observed 
that the sand at top starts heaving on the loading side 
of the pile. This fact is also recognised by Broms (3) , 
f ignre (5 .4^. Loads are increased in steps as stated 
earlier and continued upto that amount when the unloading 
is done in steps. The results are shown in graphs, 

5.6 DISCUSSION OF RESULTS : 

Static load versus top deflection results for 
different pile lengths are shown in fig. (5.5) . It is seen 
that, the load capacity of a pile increase* with increasing 
pile length, which is predicted by the theory. It is also 
seen from the figure, that increase in length does not 
i’^'P^ove the lateral resistance appreciably, provided the 
pile is sufficiently embeded. The increase in load 
capacity is only 5 lbs. when the pile length is increased 
from 2 ft. to 2 ft. 6 inches. This fact -.has been recognised 
by Wagner (5l) in actual tests. The load-deflection curves 
assume horizontal shape v;hen the soil reaches its ultimate 
strength and the soil behaves plastically in this zone. 

The percentage recovery of pile deflection, on 
complete removal of the load, to maximum deflection is 
also plotted against pile length, in fig. (5.5) . It is seen 
that for sr- dl pile-length the recovery is very small and 
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the rate of recovery increases rapidly with increasing 
pile length. This behavior is explained by the fact that^ 
in case of small pile-length, the soil behaves plastically 
for the major portion of pile depth (i.e. the soil appro- 
aches stage 4 rapidly) . Whereas for large pile length. The 
soil behavior is mainly of stage 2 or stage 3, 

The results of shear-box tests are shown in fig. (5.1) 
and the value of obtained is 28.6° . 

The complete cycle of load-deflection curve is 
shown in fig. (5.6) . The plastic deformation of the pile 
is seen to be 54,5%. The same pile behavior is also seen 
by Subrahmanyam (44) . m fig. (5.6 b) , the load-deflection 
curve for different dial gage locations are shown for the 
calibration of the model pile. 

Fig. (5.7) shows, the bending-moment distribution 
along the length of the pile for increasing loads. The 
existence of a small amount of moment at top and bottom 
is explained by the fact that, the strain gages cannot be 
fixed at the tip ends of the pile. In actual practice 
the strain gages are placed at a certain distance from the 
top and bottom ends, and the small moment is the effect of 
that variation in length. 

The nature of bending moment distribution is the 
same as that shovm for long free-free pile, load at top. 

As the value of ‘d* is very small/ the effect of 'd' on 
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moment distribution is practically negligble . The point of 
occurence of the maximum bending moment is fixed at the 
same depth for different loads. This behavior is predicted 
from fig. (3,7) . The nature of bending mcxnent distribution 
is in complete agreement with the theory. Similar pile 
behavior under static load is also seen in static load test 
no. 2 by Gaul (13) . 

T'he test suggest that the depthy at which the 
maximum bending moment occurs is not dependent upon the 
magnitude of lateral load unless pile deflection becomes 
largo enough to stress the soil beyond its elastic range. 





sFload deflection relation for different, pile lengths 
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CHAPTER VI 


DISCUSSION AND CONCLUSION 

The response of a pile to a lateral load is a 
function of the pile and the soil properties. Between the 
two, the latter is difficult to consider in design and ana- 
lysis. A common and much simplified approach has been to 
ignore the true nonlinear nature of the stress— strain behav- 
ior of the soil and the assume it be linearly elastic. This 
approach leads to the Winkler's model and to the use of the 
coefficient of horizontal subgrade reaction (k) of the soil. 

An obvious improvement of this model has been to consider 
k to increase with depth either linearly or nonlinearly. 
However, solutions based on this approach do not predict the 
actual load -deflection response of the pile. 

In any design, it is imperative to know the load- 
deflection response of the pile, so that for an allowable 
deflection of the top of the pile, the corresponding permi- 
ssible load can be determined. The main concern of this thesis 
is the determination of the load-deflection response of the 
pile. For this purpose, the actual stress-strain behavior of 
the soil has been idealised by a two-parameter or bilinear 
relation. The soil is assumed to behave elastically upto a 
stress level, qQ, and once the stress equals q^, the soil 
flovjs plastically. The proposed idealisation is improved by 
considering the soil-strength to increase with depth. 
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With this response pattern of the soil, th® soil«» 
pile interaction can be seen to consist of four At 

very small loads, the soil adjacent to the pile ^ 
the elastic range only. With increasing loads, yield 

begins at the top and moves down. With farther 
load, plastic yielding will be initiated at the bctboro also 
and will travel upwards. Accordingly, a model is to 

repxesent th® four stages of pile behavior in 
soil. At ultimate load, the pile throws the soil adjacent 
to it into Gcwiplete plastic range. These different stages 
have been e^qira&sed mathematically. The governing differential 
equations, boundary a»4, continuity conditions are nondimention- 
alised and closed form solutions are obtained, results 

are obtained for a range of <i) soil stiffness and strength 
parameters; (ii) pile lengths and (iii) the const^’^^ 
linear variation of soil strength with depth. 

The loadwde flection response of the pile h®-® been 
predicted to be nonlinear, as is observed in pract^®®* This 
has been the main contribution of the present 
The dependence of the response curve on the soil properties 
and the pile length is dlearly brought out. Highe^’ resistance 
to deformation is offered by long piles over short piles, by 
piles in strong soils compared to piles in weak ^ 

piles in soil whose strength increases with depth ^ 


pile in stiff soils. 
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Analysis of piles with overhang in elasto*-plastiC 
soilsy has also been carried out bringing out the importance 
of the length of the overhang. The load— deflection characters# 
predicted by this analysis are similar to those obtained by 
field tests. The experimental data presented, varifies quali«» 
tatively some of the concepts presented in the thesis. The 
results of the investigation can be made useful to the designer 
to simplify his task. 

Farther work can be carried out on these lines tO 
include variation of the modulus of subi^rade reaction with 
depth and to consider strain hargening of the matetial; 
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APPENDIX A 

NON-DIMENSIONALISING THE GOVERNING EQUATIONS 
The basic differential equations from (2*13) to (2,2o)y 
for all the four stages of the pile in action/ can be non— 
dimensionalised in the following procedufe. The non— dimensiona.1 
terms, defined in chapter II, have been used. 

As defined in equation (2.21) 


Z = 


X 


, Differentiating with respect to X/ 


dZ _ I 
dx i> 

dy _ ^ 

djt dZ 


dZ 

dx 


dZ 


1 

T 


(A-1) 

(A-2) 


Differentiating ( A-2) three times 




d^y 



. . . (A-3) 


dx^ 

dz'^ 

T^ 




Also : 

from equation 

(2.25) 



Y 

P^t3 

Ay 




El 




or 

^Y = 

PtT^ 





dx 

El 

' dx 




I 

3 

PtT 

d\ 


. . . (A-4) 

or 


El 

* dx^ 




Combining (i 

\-3) and (A-4) / 



d^Y 

. PtT^ 

. 

1 

... (A-5) 


dx^ 

El 

dZ'^ 

t4 


Equations (2, 

13) to 

(2.20) 

can be written 

as follows. 
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Stage 1 : 


or 


PtT^ d^Ay 

■ zr* 

El dZ^ 

d^Ay j_ \T^ 

dZ'i El 

denoting 



^1 

El” 



= 0 


d^A. 


dZ 


¥ 


XI 


+ - 0 


PtT3 

El 



(A-6) 


(A-7) 


Stage 2 : 

Equation (2.14) can berrwritten as: 

TT ~ ^ 

■ El dZ^ T El 

d^Ay. qoT aT2 

or ^ ^ + Z = 0 

dZ^ Ft Pt 


» • • 


(A-8) 


(A~9) 


denoting 


” and 

Pt ° 


+ (mo+dZ) = O 

dZ"^ 



(A-IO) 


For elastic zone in stage 2^ the equation (2.15) 
can be written in the same manner for stage 1 as: 


dZ'^ 


+ ^o^y2 


0 


(A-11) 


In this way^ all the equations for stage 3 and stage 4 can 
be non-dimensionalised and the final forms are the same as 
given in equations (2.29) to (2.36) , 
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APPENDIX B 

DIRECT APPROACH TO DETERMINE THE ULTIMATE LOAD CAPACITY 

The ultimate load capacity of a pile is reached when 
the soil reaches the ultimate strength for the whole length of 
the pile. This stage is described by two plastic soil zones 
in stage 4 in Chapter II . 

FREE-FREE PILE : LOAD AT TOP. 

Considering linear increase in ultimate strength of 
soil with depth/ the complete soil pressure distribution is 
shown in fig. 2 . 7 . The trayezoidal plastic zone is divid.ed-'. ' •, 
into a rectangular and ai triangular zone. Total pressure 
applied by the rectangular zones are denoted by P^ and P3 
and that applied by triangular portions are represented by 
P2 and P4 respectively. The lever arms are da^oted by b]_/ 
b2/ b3/ and b4 corresponding to the resultant reactions 

Pi/ P2/ P 3 /_ P4- 

For equilibrium of the pile under the load 'P-t* and 
the soil pressure distribution, moment of all the forces 
about the top of the pile is zero. 

Pi bi + P2 b2 - P3 b3 - P4 b4 = 0 ... (B~l) 

Substituting the expressions for P & b, the expression 
is given as follows: 

I (Zn,-Zi) 2 ( 2 Zm+Zl) ... (B- 2 ) 
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Substituting o( l2!n the final form is given by: 


2d Zm ci ^ +3 — (^ mo + d Z^) - O ... (3-3) 


In the case, when the effect of overburden on the strength of 
soil is neglected, 'd' is made equal to zero in (B— 3) and the 


expression is simplifed and reaches a constant valueD<Li= 


v/T- 


This value of is also reached from the analysis 
of stage 3. In the actual procedure, the value of ' is 

gradually increased and the corresponding value of ‘ ^ ' is 
iterated It is seen that, with the increase of /■ the 

value of ’ y ' approaches and finally £oro^]_= 0,707, 

value of ' ' equals This aspect is discussed and shown 

in graph in section 3,2 for free— free pile. 

OVSRHAb'G PILE: 


The soil-pile interaction for an overhang pile is the 
same as for the free-free pile in stage 4. To determine the 
ultimate capacity of an overhang pile the same procedure is 
applied. 

Expressions for the total soil pressure and the lever 
arms for different zones are shown in fig. 4,4. Talcing moment 
of all the resultant forces about the top end of the pile, and 
equating to zero for limiting equilibrium the expression can 
be written as: 

Pi bi+ P 2 b 2 - P 3 b 3 - P 4 b 4 = O ... (B-4) 
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Substituting the values for P and b in (B-4) and denoting, 

and Z 2 = 2 ^ 

the expression (B-4) takes the following from 




( -OC?) + d( c<i) ^ ( 0 <,i+ 2 o( 2 ) 2 jn ^ 


mo-HdZ^(c<2- cii) ^ (l-°(.2)+ d(l-oC2)^ 2 +o(, 2 


on simplification, the final expression is: 


2 m 


T + 2 mo(2 + 


Substituting d =:0 in (B- 6 ) 


- moOi(i + dZinm 


_ 2 *^ 2 ^ _ 


mo’2 = 0 


(S-5) 


CB-6) 


C< 2 =V — 2 


m m m m 


(B-7) 


For different values of Otkl' the corresponding values 
of «<2 given in table (B-l) . 

TABLE B-l 
VALUES 0F<2 


^stO.O 0,1 0.2 0.3 0.4 0,5 0,6 0,7 0,8 0,9 1 

0^2 =0.707 0.71 0.72 0.737 0.761 0.79 0.825 0,863 0,905 0,95 1.' 


These values are plotted a»d show*, in graph in Chapter IV , 

ForC<j^= O, the overhang pile transforms to the free- 

free pile, load at top on substituting°<k 3 ^= 0 , in (Bp7*5 the value 

1 


o 


f <2 is found to be ^ same as free-free pile* 
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